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Abstract 
Homogeneous Charge Compression Ignition (HCCI) is an advanced combustion strategy that able to reduce nitric 
oxides (NOx) emissions and increase fuel efficiency simultaneously. This study investigated the effects of premixed 
kerosene fuel on the auto-ignition characteristics in a light-duty compression ignition engine. A partial HCCI engine 
was modified from a single cylinder, four-stroke, direct injection compression ignition engine. The partial HCCI is 
achieved by injecting kerosene fuel into the intake port of the engine, while maintaining diesel fuel injected into the 
cylinder for combustion triggering. The auto-ignition of kerosene fuel has been studied at various premixed ratios 
from 0 to 0.65, under constant engine speed of 1600 rpm and 20Nm load. The results for performance, emissions and 
combustion were compared with those achieved without premixed fuel. From the heat release rate profile, it is 
observed clearly that two-stage and three-stage ignition occurred in some of the cases. In addition, the increase of 
premixed ratio to some extent significantly reduced nitric oxide (NO) emissions. 
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1. Introduction 
Recently enforced emissions regulations have demanded automaker to develop more cleaner and 
efficient technologies. Various improvements such as the optimisation of fuel injection timing, 
combustion chamber shape and high-pressure fuel injection have made these types of engine even cleaner 
and more efficient. Nevertheless, these existing technologies will be unable to cope with future stringent 
emissions regulation because the issues of locally high combustion temperatures and rich fuel-air 
mixtures remain unsolved by these measures. To reduce diesel emissions, attempts are being made to 
introduce new low temperature combustion techniques. Although various names have been assigned to 
this new combustion strategy, they still refer to the similar principle of a premixed fuel-air mixture and 
auto-ignited combustion. The HCCI strategy is considered a promising alternative for simultaneously 
reducing the soot and NOx emissions, while still maintaining diesel-like engine efficiency. 
 
* Corresponding author. Tel.: +603-7967 4448; fax: +603-7967 4448. 
E-mail address: yewhengteoh@gmail.com. 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of ICAE2014
 Y.H. Teoh et al. /  Energy Procedia  61 ( 2014 )  1830 – 1834 1831
The operation of various fuel types has been studied in HCCI engines. Among these are the primary 
reference fuels for octane rating, alcohol fuels, gasoline, and diesel fuel [1]. For the smooth 
implementation of these fuels in HCCI engines, the formation of a homogeneous charge is the most 
crucial part in achieving HCCI combustion. Several practical solutions on mixture preparation have been 
proposed and studied. The most straightforward method is by port fuel injection upstream of the intake 
manifold, as in a conventional port fuel injection SI engine. This method provides ample time for the fuel 
to disperse and mix homogeneously with air throughout the cylinder prior to ignition. As noted by 
Ganesh et al. [2], this technique can be retrofitted economically and it involves minimal engine 
modification while still maintaining low emissions under light load conditions. Similarly, Wu et al. [3] 
employed a gasoline port fuel injection system to supply auxiliary fuel into the air intake. In their testing, 
a single cylinder four-stroke CI diesel engine was converted to operate in partial HCCI mode by 
modifying the intake system. They conducted separate experimental studies on the performance and 
characteristics of premixed gasoline and ethanol in a partial HCCI engine. The study showed reductions 
of 43.4% and 39.2% in smoke and NOx, respectively, under light load conditions with a premixed ratio of 
30% ethanol.  
Many studies have done on the partial HCCI strategy using diesel, gasoline or alcohol as premix fuel. 
However, very few studies have focused on the characteristics of kerosene fuel on partial HCCI 
combustion. Kerosene fuel is favourable in this investigation due to its ignition characteristics and low 
viscosity. Therefore, the aim of this study is to investigate the effect of premixed fuel ratio on 
performance, emissions and combustion characteristics. In the present study, a homogenous mixture of 
premix kerosene fuel and air was created by using an air-assisted direct fuel injection system. This 
technique takes a slightly different approach to fuel atomisation and it has been applied previously to two-
stroke and four-stroke engines [4], but it has been used rarely in partial HCCI engines. 
2. Methodology 
The experimental system used in this study is shown in Fig. 1. The test engine was a 638 cm3 of 
cylinder displacement, single cylinder water-cooled four-stroke DI diesel engine equipped with an air-
assisted fuel injection system. The engine was coupled directly to a single-phase AC synchronous 
electrical generator that absorbed the engine load. 
An air-assisted fuel injection system was modified to provide air-assisted atomisation of the liquid 
fuels. The air-assisted fuel injection system comprises a fuel metering injector and an air injector. In this 
study, the fuel was injected into the intake port just upstream of the intake valve and the injection was 
timed to coincide with cylinder’s intake stroke. The parameters of the timing and opening duration of the 
injectors were both controlled by two separate ECUs, each connected to a Hall Effect inductive proximity 
sensor. A volumetric type method of fuel consumption measurement was incorporated for both the diesel 
direct injection and port fuel injection systems. Exhaust emissions were measured with a Bosch BEA 350 
exhaust gas analyser. In-cylinder gas pressure was measured by a Kistler 6125B-type pressure sensor and 
the charge signal was converted by a PCB model 422E53 in-line charge converter. An incremental 
encoder with 720 pulses per revolution was used to provide TDC and crank angle signals. An ADLINK 
DAQe-2010 simultaneously sampling data acquisition card was used to sample the cylinder pressure and 
encoder signals. The acquired data were processed further and analysed with Matlab software.  
The term rp was defined as the ratio of energy of the premixed fuel Qp to the total energy Qt, which 
can be obtained from the following equation: 
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where mp is the mass of the premixed fuel, md is the mass of the directly injected fuel, hu is the heating 
value and subscripts p and d denote premixed and directly injected fuel, respectively. In this work, 
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kerosene and diesel fuel were selected as the premixed and directly injected fuel, respectively, and the 
fuel properties are shown in Table 1. Under each operating condition, the engine was operated at constant 
speed and load of 1600 rpm and 20 Nm, respectively. 
 
Fig. 1. Schematic diagram of the experiment setup 
Table 1. Fuel properties of diesel fuel 
 
Properties Test method Units Diesel Kerosene 
Density @ 40 °C ASTM D7042 kg/m3 838.4 790.9 
Kinematic viscosity @ 40 °C ASTM D7042 mm2/s 3.815 1.184 
Heating value  ASTM D4809 MJ/kg 45.3 46.0 
3. Results and Discussions 
The total fuel flow rate and Indicated Specific Fuel Consumption (ISFC) for various premixed ratios 
as shown in Fig 2. It can be observed that the total fuel flow rate is decreased slightly with a premixed 
ratio of 0.3 and then increased marginally for higher premixed ratios. The increase in total fuel flow rate 
can be associated with the early combustion phasing of the premixed fuel prior to TDC; hence, additional 
fuel is needed to attain the same amount of torque. In addition, the ISFC is marginally increased with 
higher premixed ratios. As described earlier, this can be explained by the earlier ignition, prior to TDC, 
which increases the compression work and resists the upward movement of the piston, leading to 
penalties in the efficiency and ISFC. 
Fig. 3 illustrates the emission trends at various premixed ratio. It can be seen that with the low 
premixed ratio of 0.17 and 0.30, the HC, CO and smoke opacity were all increased, but has decreased the 
NO emission. This is mainly due to the low combustion temperature of the partial HCCI system, resulting 
in incomplete oxidation of the fuel and higher in HC, CO and smoke emissions. For instance, as reported 
by Sjöberg and Dec [5], the oxidation of CO emissions does not achieve completion with a peak 
temperature below 1500 K. Beyond the premixed ratio of 0.3, the addition of premix fuel have decreases 
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the HC and CO emissions, but have increases the NO and smoke emissions. In particular, it was observed 
that the maximum reduction of NO emissions was 25.6% for a premixed ratio of 0.3 with respect to 
conventional diesel combustion. This can be attributed to the relatively lower and earlier occurrence of 
peak HRR during the HCCI combustion stage, keeping the peak combustion temperature at a low level. 
On the other hand, the incremental trend of NO emissions could be caused by the elevated combustion 
temperature because of excessively advanced start of combustion. 
Fig. 4 shows the effects of the premixed ratio on the combustion pressure and heat release rate 
(HRR). In general, it can be seen that with a higher premixed ratio, the peak pressures and its location of 
occurrence were increased and shifted earlier towards TDC, respectively. From the HRR profile, it can be 
clearly observed that two-stage and three-stage ignition occurred for lower (0.17 and 0.3) and higher 
(0.52 to 0.65) premixed ratios, respectively. The first stage is called cool flame reaction/ low temperature 
reaction (LTR) and it proceeds at temperatures below the auto-ignition temperature of the fuel, as 
explained by Pekalski et al. [6]. Because of the heat released in the LTR stage, the temperature of the 
mixture rises and once in-cylinder temperatures is sufficiently high, HCCI combustion by auto-ignition of 
the premixed charge begins. Besides, it can be observed that the premixed ratio setting has a significant 
effect on both the peak and on the timing of HRR, which correspond to the HCCI combustion. This peak 
became higher and narrower with a premixed ratio of 0.52 to 0.65. With higher premixed ratios, more 
heat is released during the LTR stage, which elevates the in-cylinder temperature. The elevated in-
cylinder temperature accelerates the overall kinetics and thus, advances HCCI combustion timing [7]. The 
final combustion stage is followed by the diffusion combustion of directly injected fuel. 
 
 
Fig. 2. Total fuel flow rate and ISFC for various premixed ratio, rp 
 
 
Fig. 3. Effect of premixed ratio on HC, CO, smoke opacity and NO emissions 
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Fig. 4. Effect of premixed ratio on combustion pressure and heat release rate profile 
4. Conclusions 
The performance, emissions and combustion of partial HCCI with an air-assisted fuel injection system 
were assessed successfully and were studied using premixed kerosene fuel. The following principal 
conclusions can be drawn from the present study. 
a. Total fuel flow rate and ISFC increased with higher premixed ratios. 
b. Combustion of partial HCCI with premix kerosene fuel proceeded in two and three stages at 
lower and higher premixed ratio settings, respectively. 
c. Emissions of HC and CO decreased at higher premixed ratio setting. The largest NO reduction 
was 25.6% for a premixed ratio of 0.3 with respect to conventional diesel combustion.  
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